Annealed low-temperature GaN layers grown on r-plane sapphire substrates were examined by X-ray diffraction pole figure measurements. The GaN layers were mainly a-plane oriented, in which misoriented grains with four different orientations were detected. The c-axes of the misoriented grains are tilted from the surface normal by about 35°, which are along the bonds not parallel to the c-axis of the a-plane oriented layers. There was a difference among the peak intensities corresponding to the c-planes of the misoriented grains with the four different orientations. Considering the difference, the relative amount of misoriented grains with each orientation can be predicted. The evolution of the misoriented grains is expected to be controlled by the major polarity.
Introduction
GaN-based semiconductors have attracted attention because of their potential applications in short-wavelength light emitting devices and high-power devices. In epitaxial films grown along the [0001] polar axis of GaN with the wurtzite (WZ) structure, electric fields are generated due to spontaneous and piezoelectric polarization, 1) resulting in detrimental effects on device properties. 2, 3) In order to prevent or reduce such effects, the growth of nonpolar or semipolar films has been introduced. 4) In the growth of nonpolar or semipolar GaN, the film orientation can vary depending on growth conditions, 5, 6) and grains with different orientations can be easily formed. 69) In such films with inclusion of misoriented grains (also called variants), the grain boundaries, similarly to other defects such as dislocations or stacking faults, may act as carrier traps, recombination centers, or scattering centers, and affect device properties.
1012) Therefore, controlling formation and evolution of misoriented grains is one of important issues in the growth of nonpolar or semipolar GaN. For this purpose, it is indispensable to clarify the formation and evolution mechanism of misoriented grains. In our previous report, misoriented grains with a specific orientation were detected in a-plane oriented GaN layers on r-plane sapphire substrates by using transmission electron microscopy (TEM), and their size and spatial distribution were revealed.
13) It was found that the b c bond (GaN bond parallel to the c-axis) of the misoriented grains is parallel to one of the b a bonds (GaN bonds not parallel to the c-axis) of the a-plane GaN layers. 13) Considering the crystallographic orientation relationship (OR) between the misoriented grains and the a-plane oriented GaN layers, there should be other orientations equivalent to that detected in our previous TEM observations. However, grains with the other equivalent orientations have not been revealed by TEM observations of one specimen due to limitation in specimen tilting angle. Here, the misoriented grains with four equivalent orientations are revealed by X-ray diffraction (XRD) pole figure measurements and the formation mechanism proposed based on our previous TEM observations is verified. Moreover, considering the difference in relative amounts of misoriented grains with the four orientations, the correlation between the polarity and the evolution of the misoriented grains is shown.
Experimental Procedure
GaN layers in this work were grown by hydride vapor phase epitaxy. HCl was introduced to a Ga boat to produce GaCl as a group-III precursor, and H 2 gas was used as a carrier gas. Prior to deposition of GaN, the ð1 102Þ r-plane sapphire substrates were nitrided at 1080°C for 90 min in NH 3 . After the nitridation of sapphire substrates, lowtemperature (LT) GaN layers were grown at 550°C. The LT GaN layers were subsequently annealed by raising up the reactor temperature to 1040°C over 30 min under a mixture of H 2 and NH 3 and then additionally annealed at 1040°C for 10 min. GaN layers with three different thicknesses of 260, 410 and 760 nm were examined. The preferred orientation of the annealed LT GaN layers was confirmed to be the ½11 20 direction by XRD. 8, 9) In order to evaluate inclusion of the misoriented grains, 13) XRD pole figure measurements were performed on a Bruker D8 Advance X-ray diffractometer, using a Cu-K¡ radiation ( = 0.15406 nm) at 40 kV, 40 mA. Since the c-axis of the misoriented grains is expected to be tilted from the surface normal by about 35°, 13) pole figure measurements for the (0002) GaN reflections of the misoriented grains were performed at tilt angle » = 35 « (58)°. In addition, in order to confirm in-plane orientations of the dominant a-plane oriented GaN layers and the r-plane sapphire substrate, pole figure measurements for the f11 20g GaN reflections and the (0006) sapphire reflections were performed at » = 60 « 4°and » = 58 « 4°, respectively. In the pole figure measurements for the (0002) GaN , the f11 20g GaN and the (0006) sapphire reflections, the increment of rotation angle ¤ and tilt angle » was chosen to be 1°. Around peaks detected in the pole figure measurements for the (0002) GaN reflections, the maximum intensities were measured after optimizing diffraction angle 2ª and incident angle ½ around each peak. The optimum 2ª and ½ were determined by 2ª-½ scan and ½ scan (rocking-curve) measurements with the increments of 0.001 and 0.01°, respectively. Scan ranges for 2ª and ½ were set to be larger than the full width at half maximum: 34.3°¯2ª¯34.8°and 16°¯½¯18.5°.
As the interplanar spacing of the (0002) WZ GaN is close to that of the (111) zincblende (ZB) GaN , there is a possibility that the peaks detected in pole figure measurements for the (0002) GaN reflection originated from cubic phase included in the annealed LT GaN layers. In order to investigate the atomic structure of the origin of the peaks detected in pole figure measurements for the (0002) GaN reflection, high-resolution transmission electron microscopy (HRTEM) observations were carried out. TEM specimens were prepared using focused ion beam (JEM-9320FIB, JEOL Ltd.) operated at 30 kV. HRTEM observations were carried out using EM-002B (Topcon Co.) operated at 200 kV.
Results and Discussions
Figures 1(a)1(c) show pole figures of the (0006) reflection of the r-plane sapphire substrate, the f11 20g reflections of the a-plane oriented GaN layers, and the (0002) reflections of the misoriented grains for the annealed LT GaN layers with a thickness of 260 nm. Although the polarity of the a-plane oriented GaN layers was not determined, the OR between the a-plane oriented GaN layers grown on the r-plane sapphire substrate can be tentatively determined as follows:
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The OR (1) is consistent with the previously reported one for the interface between a-plane GaN and r-plane sapphire with the polarity of GaN determined by convergent beam electron diffraction. 1416) In Fig. 1(c) , four peaks were detected, which indicates that misoriented grains with four different orientations are included in the a-plane oriented GaN layers. Hereafter, the four peaks are numbered 1 to 4. The interval between the peaks 12 and the peaks 34 was about 100°, and that between the peaks 23 and the peaks 41 was about 80°. Maximum intensities of each peak were 11, 10, 19 and 19 cps, respectively. Since the optimum 2ª and ½ is different for the four orientations corresponding to the peaks 1 to 4, the maximum intensities were measured after optimizing 2ª and ½ around each peak. The optimum ½ for peaks 14 in Fig. 1(c) 20g reflections of the a-plane oriented GaN layers, and (0002) reflections of the misoriented grains for the annealed LT GaN layers with a thickness of 410 nm. In Fig. 2(c) , only two peaks were detected, which correspond to peaks 3 and 4 in Fig. 1(c) . Maximum intensity after optimizing ½ was 17 cps for both peaks. The optimum ½ for peaks 3 and 4 in Fig. 2(c) were 17.26 and 17.29°, respectively.
As mentioned in our previous report, 13) considering OR between the a-plane oriented GaN layers and the misoriented grains, the c-axes of the misoriented grains were found nearly parallel to the b a bonds in the a-plane oriented layers. Figure 3 shows an atomic structure model of the a-plane Fig. 1(c) , were detected. Maximum intensity was 17 cps for both peaks.
oriented GaN layers. It can be seen that the directions of bonds labeled 1 to 4 correspond to the directions of the four c-axes of the misoriented grains detected in Figs. 1(c) and 2(c). Here, it should be noted that there is a discrepancy between the model and the experimental results in the peak to peak intervals: based on the model shown in Fig. 3 , the interval between the peaks 12 and the peaks 34 should be about 110°, and that between the peaks 23 and the peaks 41 should be about 70°. Although the cause of the discrepancy cannot be explained at present, one of possible causes might be related to strain relaxation at the interface between the misoriented grains and the a-plane oriented GaN layers. The angle between GaN bonds in ZB GaN (109.47°) is slightly larger than that between the b c bond and the b a bond in WZ GaN (109.05°). Here, it can be assumed that the misoriented grains were generated under a thermally unstable condition where inequivalence between the b a and b c bonds can be negligible and ZB GaN can be formed. Then, the difference between the interbond angles in ZB and WZ GaN can explain well the facts that the interval between the peaks 12 and the peaks 34 is smaller than expected and that the interval between the peaks 23 and the peaks 41 is larger than expected. Further works are required to clarify atomic structure at the interface.
Furthermore, among four peaks in Fig. 1(c) , two of them (peaks 1 and 2) exhibited lower intensities than other two peaks (peaks 3 and 4), and were not detected in Fig. 2(c) . The results indicate that the relative amount of the misoriented grains corresponding to the peaks 1 and 2 (the misoriented grains 1 and 2) is smaller than that corresponding to the peaks 3 and 4 (the misoriented grains 3 and 4). Indeed, in our previous TEM observations of the annealed LT GaN layers with a thickness of 410 nm, the misoriented grains 3 were observed, while the misoriented grains 1 were not observed. 13) Thus, the results of our previous TEM observations are well supported by the result of the pole figure measurement shown in Fig. 2(c) . Figure 4 shows HRTEM images of misoriented grains in thicker GaN layers with a thickness of 760 nm. The misoriented grains were distributed in the vicinity of the interface between the GaN layers and the sapphire substrate, which is similar to that observed in GaN layers with a thickness of 410 nm.
13) The size of misoriented grains in the GaN layers with a thickness of 760 nm was less than 100 nm, which is smaller than that in the GaN layers with a thickness of 410 nm. The HRTEM images were obtained with the incident beam parallel to the ½2 203 direction of the a-plane oriented GaN layers. The ½2
203 direction of the a-plane oriented GaN layers is perpendicular to bonds 2 and 4 in Fig. 3 . The insets show the corresponding fast Fourier transformed (FFT) patterns. The FFT patterns correspond to the diffraction pattern obtained with the incident beam parallel to the h11 20i direction of WZ GaN. It was revealed that the misoriented grains in Figs. 4(a) and 4(b) correspond to the misoriented grains 2 and 4, respectively. The results confirm that the origin of the peaks detected in the pole figure measurements for the (0002) GaN reflection is misoriented grains with the WZ structure. Moreover, in the GaN layers with a thickness of 760 nm, both of the misoriented grains 2 and 4 were observed with the relative amount of the misoriented grains 2 smaller than that of the misoriented grains 4. There was not much difference between the size of the misoriented grains 2 and 4 in the GaN layers with a thickness of 760 nm. Therefore, the relative amount of the misoriented grains detected in pole figure measurements of the GaN layers with thicknesses of 260 and 410 nm is also considered to be mainly dependent on the density of the misoriented grains. However, in order to clarify the dependence of the growth of the misoriented grains on the GaN layer thickness, further works are required. Considering the results about annealed LT GaN layers with different thicknesses, whether the minor misoriented grains corresponding to the peaks 1 and 2 are formed is expected to be independent of the layer thickness. The difference in the relative amount is probably related to the difference in the polarity of the misoriented grains. Based on the OR (1), the misoriented grains with c-axis parallel to the bonds 1 and 2 in Fig. 3 should have Gapolarity, while those with c-axis parallel to the bonds 3 and 4 in Fig. 3 should have N-polarity. In fact, the surface of GaN layers grown under the present condition exhibited Npolarity.
17) It should be emphasized that the existence of ZB GaN cannot explain the difference in the relative amount of the misoriented grains: if the difference in the relative amount of the misoriented grains is due to ZB GaN, only the difference between the misoriented grains 1 and 2 (or 3 and 4) can occur and that between the misoriented grains 1 and 3 (or 2 and 4) cannot occur. The possibility of the existence of the a-plane oriented GaN layers with inverse polarity can be excluded since no inversion domain was observed by TEM in the a-plane oriented GaN layers with thicknesses of 410 and 760 nm. The results suggest that the evolution of the misoriented grains with the preferential orientations can be controlled by the major polarity which depends on growth conditions. The factors which influence the formation of the misoriented grains with the minor polarity should be investigated in future.
Conclusion
XRD pole figure measurements were performed for annealed LT GaN layers grown on r-plane sapphire substrates. It was found that the GaN layers were mainly aplane oriented, where misoriented grains with four different orientations were revealed. The c-axes of the misoriented grains were found nearly parallel to the directions of GaN bonds in the a-plane oriented layers. Considering the difference among the peak intensities corresponding to the c-planes of the misoriented grains with the four different orientations, it was indicated that there is a difference in the relative amount of the misoriented grains due to the major polarity in the present growth condition.
